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A  sensitive  and  selective  electrochemical  sensing  platform  for mercury  quantiﬁcation  at  picomolar  level
has been  described.  The  interface  was  constructed  using  exfoliated  graphitic  carbon  covalently  function-
alized  with mercaptobenzothiozole  (MBT)  as  a selective  indicator  species  in mercury  determination.  It
was  characterized  using  Fourier  transform  infrared  spectroscopy  (FTIR),  cyclic  voltammetry  (CV)  tech-
niques and  subsequently  used  in the  fabrication  of  surface  renewable  binderless  bulk modiﬁed  robust
pellet  electrode.  The  fabricated  electrode  was  used  in the  measurement  of  mercury  in  alkaline  medium
using  differential  pulse anodic  stripping  voltammetry  (DPASV).  The  developed  interface  showed  lin-ercury
nodic stripping voltammetry
ercaptobenzothiozole
ndustrial efﬂuent analysis
earity  in  the concentration  range  1–20  pM  with  a  detection  limit  of  1  pM.  The analytical  utility  of  the
proposed  interface  has  been  validated  by  determining  the  mercury  levels  from  various  water  and  indus-
trial  efﬂuent  samples  with  least  interference  from  commonly  encountered  cations  and anions  that  are
generally  present  in industrial  efﬂuents.  The  storage  stability  of  the  proposed  interface  has  been  studied
over  a  period  of 6 months  and  the  results  were found  to  be  highly  reproducible  with  a  relative  standard
deviation  of ±6%.. Introduction
Designing and construction of an electrochemical interface with
elective functional moieties which are having potential afﬁnity
oward a speciﬁc metal ion is of a great interest in the development
f chemically modiﬁed electrodes (CMEs) in the area of electroanal-
sis [1]. Mercury (Hg2+) is one of the highly toxic, volatile element
nd widely distributed in the environment. Exposure of this ele-
ent even at trace level may  pose negative impact on both mankind
nd aquatic systems [2]. As a result of this, the world health organi-
ation (WHO) has prescribed maximum threshold limit value (TLV)
f 2 ppb in drinking water [3]. Hence, there is an increasing need
or the development of analytical protocols with high sensitivity
hich determine the mercury well within the prescribed limits.
Several interfaces have been reported in the literature in the
lectrochemical measurement of mercury including thin ﬁlm based
lectrodes which can be easily fabricated by simple drop casting
ethodology [4]. The storage stability of these interfaces has beenound to be very poor and sometimes they may  require recoating
f the modiﬁer during routine and continuous analysis [5]. Metal
anoparticle modiﬁed electrodes have been extensively used in
∗ Corresponding author. Tel.: +91 80 22961352; fax: +91 80 22961331.
E-mail address: mprangachem@gmail.com (P. Malingappa).
925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.06.028© 2013 Elsevier B.V. All rights reserved.
recent years in the determination of mercury due to their high
sensitivity as well as better detection limits [6]. The possibility
of oxide formation and the loss of few particles during surface
renewing process restricts their utility [7]. The surface renewability
of the interface is essentially required for precise analytical mea-
surements. In this direction, several bulk modiﬁed electrodes like
carbon paste electrodes (CPE) were used due to the possibility of
introducing selective functionalities [8]. These electrodes are bene-
ﬁcial from the point of surface renewability but associated with the
leaching of modiﬁer from the electrode body into the bulk of the
electrolytic solution during prolonged electrochemical measure-
ments [9]. The presence of binder imparts an additional barrier for
electron transfer and reduces the electrode kinetics at the interface
[10]. Surface renewability coupled with long term storage stabil-
ity is essentially required for long term and continuous analytical
applications. Therefore, it is desirable to develop a robust, stable
and easily renewable electrode using covalently derivatized car-
bon substrate material in order to prevent the leaching of modiﬁer
molecules, to improve the electrode kinetics and also to provide
long term storage stability to the fabricated electrode.
Mercaptobenzothiozole (MBT) is a well-known analytical
reagent which has been used in the determination of mercury [11].
It consists of exocyclic dissociable thiol group as well as endocyclic
nitrogen and sulfur atoms in two distinctive environments. Appli-
cation of MBT  as a modiﬁer molecule, carbon epoxy composite and
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olymer ﬁlm modiﬁed electrodes have been designed and used in
he determination of mercury [12,13]. The major limitation of the
olymer modiﬁed interface is the slow diffusion across the ﬁlms
nd also the swelling of modiﬁer during prolonged electrochem-
cal measurement [14]. Surface ion imprinted electropolymarized
nterfaces have also been reported but the analytical measurements
ave to be carried out in the solutions having the pH 5 or less than
 due to the alkaline solubility of the MBT  molecule [11]. The inter-
ction of MBT  molecule with mercury is expected to be through
hiol and either N or S atoms. In acidic condition, it is in proton-
ted form (HMBT) where as in neutral and alkaline medium it is in
eprotonated form (MBT−) [15]. Hence in acidic medium, there is
o effective interaction between mercury and MBT  molecule. As a
esult, it is essential to perform the analysis in alkaline medium in
rder to get maximum interaction, but due to alkaline solubility of
he modiﬁer molecule it is not possible to use it in basic medium.
ence its broad use in alkaline medium as a sensing platform is
ot possible. As a result of this, it is desirable to develop a sensing
latform containing MBT  molecule as a modiﬁer molecule which
an perform better in basic medium.
Exfoliated graphite (EG) is an expanded form of graphite whose
urface area is 100 times greater than its unexfoliated form
16]. Due to its increased surface area, more number of modiﬁer
olecules will get covalently anchored on the EG which results in
igh sensitivity and selectivity toward particular analyte. It has a
etter homogeneity on the surface than any other forms of graphite.
ased on these properties, it has been widely used for its chemical
odiﬁcation in recent years especially in sensing and bio-sensing
pplications [17,18].
In the present investigation, all these limitations have been
vercome by anchoring the indicator (MBT) molecule covalently
hrough the reduction of its corresponding diazonium salt at the
urface of exfoliated graphite and subsequently used in the fabri-
ation of binderless bulk modiﬁed electrochemical interface for the
etermination of mercury at picomolar level. Due to the covalent
ttachment of the modiﬁer molecule, leaching and alkaline solubil-
ty of the MBT  does not arise and working in basic medium provides
n efﬁcient route for the effective interaction of mercury and mod-
ﬁer molecule than in acidic medium which in turn results in the
nhanced analytical signal (sensitivity) even at trace level con-
entration. The mechanism behind the formation of robust pellet
lectrode is the interlocking of graphtic layers under high pressure
nd the absence of binder during electrode fabrication may  facili-
ates its electrode kinetics as well as long term storage stability over
 period of several months. Since the interface is covalently bulk
odiﬁed, its surface can be easily renewed for repetitive analytical
easurements.
. Experimental
.1. Chemicals and reagents
All reagents used were Analar grade (AR) and used without
ny puriﬁcation. Graphite (size >20 m),  amino mercaptobenzoth-
ozole (NH2-MBT) and potassium bromide were obtained from
igma–Aldrich. Acetic acid, sodium acetate and sodium hydroxide
ere purchased from SD ﬁne Chemicals, Mumbai, India. Solutions
f known pH in the range pH 1–12 were prepared using deionised
ater from Milli-Q water puriﬁer (Millipore, USA) with a resistivity
f not less than 18.2 M cm−1 at 25 ◦C. Stock solutions of 1 mM of
ercury was prepared using AR grade mercuric bromide in Teﬂon
olumetric ﬂasks and stored in refrigerator. Working standards
ere prepared by diluting appropriate aliquots of stock solution
n the day of use. Double distilled water was used in all reagent
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2.2. Apparatus
All electrochemical measurements were carried out using elec-
trochemical analyzer [CH Instruments, model 619B, Texas, USA] at
room temperature in an electrochemical cell of volume 10 mL  with
a standard three-electrode conﬁguration. Binderless bulk modiﬁed
pellet electrode (dia. = 5 mm)  acted as the working electrode, A Pt
(purity 99.99%) wire as the counter electrode and Ag/AgCl (3 M
KCl) as a reference electrode (CH Instruments, Texas, USA). All the
solutions were degassed using ultra pure nitrogen gas for 15 min
before electrochemical measurements. All pH measurements were
carried out using Control Dynamics pH meter (model APX 175).
Infrared measurements were recorded using FTIR Shimadzu Scan-
ning spectrometer (model 8400S) in the range 1000–4000 cm−1
with a resolution of 4 cm−1.
2.3. Exfoliation of graphitic carbon and its covalent derivatization
through diazonium salt reduction
Graphitic carbon was intercalated by immersing 10 g of native
graphite powder in 100 mL  mixture of conc. H2SO4–HNO3 in 3:1
(v/v) ratio for 24 h under ambient conditions. The volume of the
material has been found to be increased approximately twice due
to intercalation of bisulfate ions. The material was  washed well
with distilled water to remove the excess of acid and air dried.
Exfoliation was  subsequently carried out by introducing the inter-
calated graphite in a furnace preheated at 800 ◦C for 2–3 min. The
resulting puffy carbon material was then gradually cooled to room
temperature and stored in an air tight container [9].
The bulk modiﬁcation of exfoliated graphite with mercaptoben-
zothiozole was carried out according to the procedure described
below [19]. One gram of exfoliated graphitic carbon (EG) was mixed
with 10 mL of a solution containing 30 mM of corresponding dia-
zonium salt (synthesized according to the literature [20]) to which
30 mL  of hyphophosphrous acid was  added slowly. The reaction
contents were mixed well and allowed them to stand at 5 ◦C for
30 min  with occasional stirring at regular time intervals (once in
every 5 min). Then the solution was ﬁltered by water suction and
washed thoroughly with distilled water in order to remove the
excess of the acid and ﬁnally with acetonitrile to remove unreacted
diazonium salt from the reaction mixture. The functionalized EG
was then air dried by placing it inside a fume hood for a period of
12 h and ﬁnally stored in an air tight container. The schematic repre-
sentation of covalent bulk modiﬁcation of exfoliated graphite (EG)
with mercaptobenzothiozole (MBT) as indicator species is shown
in Scheme 1.
2.4. Fabrication of pellet electrode
Electrodes were fabricated using unmodiﬁed and MBT  modiﬁed
exfoliated graphitic carbon. About 200 mg of exfoliated graphite
was compressed into pellet form at a pressure of 8 ton cm−2 for
about 8 h without using any binder. The resistivity of the pellets
were measured using multimeter and it was  found to be 1–2 
for unmodiﬁed and 2–3  for modiﬁed electrode. In each case,
the compressed pellet was  cut into small pieces of 5 mm diam-
eter and mounted onto the one end of the Teﬂon tube with an
external diameter of 8 mm  and internal diameter of 5 mm.  A cop-
per wire was  used for electrical contact and silver paste serves as
the conducting medium between the pellet and the copper wire.
The other end of the Teﬂon tube was  sealed with araldite. Then
the surface of the electrode was  polished with 600- and 1500-grit
emery sheets followed by 4/0, 5/0 and 6/0 emery polishing papers
to obtain a smooth surface before its use. Roughness on the elec-
trode surface was  generated by scratching the electrode surface
against emery sheets in unidirection for the reproducible results.
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Scheme 1. Schematic representation of covalent bulk modiﬁca
he schematic representation of fabrication of electrode and the
lausible mechanism of its interaction with mercuric ions has been
hown in Scheme 2.
.5. Analytical procedure
The determination of mercury was carried out using medium
xchange differential pulse anodic stripping voltammetry (DPASV)
n the potential range from −0.2 to 0.4 V with an amplitude of 0.01 V
nd pulse width of 0.05 s. Known aliquots of mercury was  taken in
n electrochemical cell of 10 mL  volume containing buffer solu-
ion of pH 8 which is ﬁtted with a tab controlled magnetic stirrer.
he fabricated pellet electrode was immersed into the pH solution
Scheme 2. Schematic representation of electrode fabrication and plausibleMBT functionalized exfoliated graphite
f exfoliated graphite (EG) with mercaptobenzothiozole (MBT).
containing mercury and continuously stirred for 2 min  to precon-
centrate the metal ions at the interface at open circuit potential
through speciﬁc interaction of mercury with the functional groups
of the modiﬁer molecule. Then the electrode was taken out from the
preconcentration cell and washed thoroughly with distilled water
in order to remove the loosely bounded mercury ions at the inter-
face. Then the electrode was  kept in another electrochemical cell
containing supporting electrolyte of 1 M HCl and a reduction poten-
tial of −0.4 V was applied for 20 s to reduce all the preconcentrated
mercury ions into its atomic state and subsequently stripped off
from the electrode surface into the bulk of the solution by scan-
ning the potential in the positive direction after 15 s of equilibration
time.
 interaction of modiﬁer molecule with mercury ion at the interface.
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Fig. 2. Overlaid cyclic voltammograms of K [Fe(CN) ] (5 mM)  redox system at MBTig. 1. FTIR spectra of (a) exfoliated graphite, (b) diazonium salt of MBT and (c)
odiﬁed exfoliated graphite.
.6. Sample preparation
The samples were collected from tap supply, treated industrial
fﬂuents, polluted lake, chrome plating industry and from textile
ndustry. The collected samples were ﬁltered through Whatman
lter paper to remove any suspended colloidal matter present in the
amples. Then known aliquots of ﬁltered samples were added into
lectrochemical cell in which the electrolytic pH was maintained at
 using phosphate buffer solution and analyzed by the procedure
escribed as above.
. Results and Discussion
.1. Characterization of MBT  modiﬁed exfoliated graphite
Exfoliated graphite was covalently anchored with mercapto-
enzothiozole as a modiﬁer molecule by the chemical reduction
f its corresponding diazonium salt in presence of hyphophos-
hrous acid as a chemical reducing agent. The reduction process
esults in the formation of dinitrogen and a highly reactive aryl
adical which then subsequently gets anchored onto the exfoliated
raphite forming a covalent bond between EG and MBT molecule
21]. The covalently modiﬁed EG was characterized by Fourier
ransform infrared spectroscopy (FTIR) and cyclic voltammetric
CV) techniques in order to decipher the functional groups present
n the surface of EG. The FTIR spectra of unmodiﬁed exfoliated
raphite, diazonium salt of MBT  and modiﬁed exfoliated graphite
ere recorded and compared to conﬁrm the nature of attachment
f MBT  molecule on the surface of EG (Fig. 1). The spectra were
ecorded by using thin pellet made by uniformly mixing of carbon
1 mg)  with KBr (100 mg)  using mortar and pestle. The transmission
pectra of unmodiﬁed EG (Fig. 1a) has revealed the presence of C C
1315 cm−1), C C (1592 cm−1) and aromatic protons (2815 cm−1).4 6
modiﬁed interface recorded in buffer solutions of varying pH (2–8). Scan rate:
50  mV/s.
The spectra of diazonium salt of MBT  (Fig. 1b) showed a peak
corresponding to the diazonium group (2230.7 cm−1). It has also
showed peaks due to the presence of C S (1215 cm−1), benzene
(2349 cm−1) and N H (3136 cm−1) functional groups. All these
observations are in good agreement with the reported literature
[22]. The most striking feature in case of the spectra of MBT  mod-
iﬁed EG is the absence of the stretching mode due to diazonium
functionality (Fig. 1c). This indicates that, the diazonium group of
the modiﬁer molecule has undergone one electron reduction and
subsequently gets covalently attached onto the EG during deriva-
tization process.
The modiﬁed exfoliated graphite was electrochemically charac-
terized by making use of blocking effect posed by MBT  molecule
toward the electrochemical behavior of a standard redox probe
K4[Fe(CN)6]. Cyclic voltammetry has been applied to character-
ize the modiﬁed interface in order to understand the nature of
interfacial charge in the buffer solution of varying pH 2–8. Cyclic
voltammograms of K4[Fe(CN)6] (5 mM)  in a buffer solution of dif-
ferent pH (2–8) were shown in the Fig. 2. It was observed that
the standard redox probe showed well resolved redox peaks upto
pH 4, above which the peaks starts decreasing and completely
suppressed at pH 8. It may  be due to the fact that, in acidic
medium the MBT  molecule is completely protonated (the thiol
group is undissociated and the lone pair of electrons present on
the N and S atoms are protonated) hence the interface is posi-
tively charged and therefore, there exist an electrostatic force of
attraction with the negatively charged coordination sphere of the
standard redox probe toward the interface. However in neutral
and alkaline medium, the MBT  molecule is deprotonated (the thiol
group is dissociated into thiolate ion and the lone pair of elec-
trons present on N and S atoms are free) hence the interface is
negatively charged. Due to this, it repels the negatively charged
coordination sphere of the standard redox probe, hence no redox
reaction was observed. This type of behavior of the standard redox
probe with respect to MBT  modiﬁed interface is in agreement with
the literature [23]. All these experimental observations clearly indi-
cate that the nature of charge at the interface mainly depends on
the protonation and deprotonation tendency of the MBT  molecule
which inturn depends on the pH value of the electrolytic solution.
This study clearly demonstrates that covalently modiﬁed inter-
face can effectively interact with the positively charged species
(metal ions) in neutral or alkaline medium more effectively than
in acidic medium. Therefore working in basic medium may  result
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Fig. 3. Cyclic voltammograms recorded in HCl (1 M).  Preconcentrated using phos-
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Fig. 4. Differential anodic stripping voltammograms recorded in HCl  (1 M). Precon-hate buffer at pH 8 (a) in absence and (b) in presence of Hg2+ (10 M) at MBT
odiﬁed exfoliated graphite. Preconcentration time: 120 s.
ith enhanced sensitivity as well as selectivity toward mercury
etal ion under optimized conditions.
.2. Electrochemical behavior of Hg2+ at modiﬁed interface
The electrochemical response of MBT  modiﬁed interface in pres-
nce of mercury was ﬁrst examined using cyclic voltammetry in
rder to understand the primary information about the potential
fﬁnity of the modiﬁer molecule toward mercuric ions in solu-
ion. The typical cyclic voltammetric response in presence and in
bsence of mercury at MBT  modiﬁed interface in the potential win-
ow from 0.3 to −0.9 V is shown in Fig. 3. The modiﬁed interface
id not show any peaks in the absence of mercury in the poten-
ial window used for present analysis. Hence, it can be applied
or the quantiﬁcation of analytes (metal ions) which are active
n this potential region. In presence of metal ions, a voltammet-
ic peak was observed during cathodic sweep at −0.38 V which
an be ascribed to the two electron reduction process of Hg2+
o Hg0, whereas in the reversal anodic sweep an intense peak
t −0.18 V was observed which corresponds to the reoxidation
stripping) of Hg0 to Hg2+. Such voltammetric response was not
bserved at unmodiﬁed interface (data not shown). These studies
eveal that the observed response for mercury ion at modiﬁed inter-
ace is due to the presence of MBT  modiﬁer molecule and can be
ue to the effective interaction or complexing ability of the mod-
ﬁer molecule with mercury ion. At the proposed electrochemical
nterface, the modiﬁer molecules contains thiol group, sulphur and
itrogen atoms as potential donar atoms and are known to show
otential afﬁnity toward the mercury ion due to soft–soft interac-
ion according to HSAB concept [24]. Since the working pH is 8,
he covalently modiﬁed MBT  interface is in deprotonated form that
s the exocyclic thiol group dissociated into thiolate ion and the
one pair of electrons present on sulphur and nitrogen atoms are
et free [15]. Hence, the interaction of MBT  molecule with mer-
ury is expected to be through the thiolate ion and the lone pair
f electrons present on sulphur atom than on the nitrogen because
ulphur is more thiophilic and softer than the nitrogen. Therefore,
ovalently modiﬁed MBT  interface can be used as a sensitive and
elective sensing platform for the quantiﬁcation of mercury at trace
evel concentration.
The oxidation peak (stripping) is sharper and more signiﬁ-
ant than the corresponding reduction peak, hence the oxidation
eaks were systematically studied using differential pulse anodiccentrated using phosphate buffer at pH 8 (a) in absence and (b) in presence of Hg2+
(14 pM)  at modiﬁed exfoliated graphite. Preconcentration time: 120 s, reduction
potential: −0.4 V and reduction time: 20 s.
stripping voltammetry (DPASV) in order to achieve the desired
detection limits. The stripping voltammetric determination of mer-
cury proceeds through the following three steps
(i) Chemical preconcentration of mercury at MBT  interface at
open circuit potential for a given preselected time in a buffer
solution of known pH containing known amount of Hg2+.
(ii) Reduction of chemically preconcentrated mercury at the inter-
face at constant reduction potential for a preselected time and
ﬁnally
(iii) Stripping (oxidation) of reduced mercury into the bulk of the
electrolytic solution.
A typical DPASV of Hg2+ (14 pM)  is shown in Fig. 4. The MBT
interface did not show any voltammetric signature in the absence
of mercury ions where as in presence of mercury ions it showed
a well-deﬁned sharp oxidation peak at 0.07 V. This indicates that
the modiﬁed interface showed a potential afﬁnity toward mercury
and hence this kind of interface can be used as a suitable plat-
form for the electrochemical measurement of mercury at very low
concentration levels.
3.3. Optimization of the factors inﬂuencing the analytical
measurements
In order to achieve the maximum efﬁciency for the developed
interface toward the electrochemical measurement of mercuric
ions in aqueous solution, the parameters like pH of buffer, nature
of stripping media, preconcentration time, reduction potential and
time, which controls the analytical signal intensity have been opti-
mized.
The choice of buffer solution plays a crucial role in the precon-
centration of metal ions from the bulk of the electrolytic solution
onto the surface of modiﬁed electrode at the interface when the
preconcentration is through speciﬁc chemical interaction between
the metal ion and the functional groups of the modiﬁer molecule
[25]. Hence various buffer solutions like phosphate, ammonia
and borate have been examined for the preconcentration of mer-
cury. Among these, phosphate buffer has showed well-resolved
and sharp peaks with enhanced peak currents. Hence, phosphate
buffer was  used as an optimum medium for the accumulation
of mercury ions at MBT  modiﬁed interface. Since the accumu-
lation of mercury ions mainly depends on the protonation and
sors and Actuators B 186 (2013) 478– 485 483
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eprotonation behavior of the functional groups of the MBT
olecule, the effect of pH of the phosphate buffer solution was
tudied in the pH range 3–9. The peak current increases from 3 to
 and thereafter it decreased (ESI Fig. 1). The peak potential for the
tripping of mercury remains unchanged as the stripping was car-
ied out in the same buffer medium (ESI Fig. 1). This type of analysis
n alkaline medium is not possible with existing reports because
f the cleavage of the modiﬁer molecule in alkaline medium from
he electrode interface [11]. The increase of peak current could
e attributed to the increased extent of dissociation of exocyclic
hiol group and deprotonation of endocyclic sulphur or nitrogen
toms of the MBT  molecule at neutral and basic pH conditions.
n alkaline condition, the MBT  molecule is in deprotonated form,
.e. the thiol group is in thiolate form and the lone pair of elec-
rons present on the sulphur atom are free, hence thiolate and the
one pair of electrons present on the sulphur atom are involved in
he chemical preconcentration of mercury at open circuit potential
Scheme 2).
The magnitude of stripping current depends on the choice of
lectrolyte used in the electrochemical study. Different supporting
lectrolytes like H2SO4, HNO3, HCl and KCl have been exam-
ned. The modiﬁed interface showed signiﬁcantly higher stripping
urrents when HCl was used as a supporting electrolyte and it is
ttributed to the complexing ability of the Cl− ions with Hg2+ hence,
t has been used as an ideal supporting electrolyte throughout this
tudy. Then the effect of supporting electrolyte concentration was
xamined using hydrochloric acid at different concentration ranges
tarting from 0.1 to 2.0 M.  The stripping current increases from 0.1
o 1.0 M and beyond 1 M it did not affect the stripping response,
ence 1 M HCl was used as a supporting electrolyte in all further
tudies. Then the effect of H+ and Cl− ions were examined sep-
rately. The effect of H+ ion was studied by using the stripping
edium containing 1 M KCl + x M HNO3, where the x ranging from
.1 to 2. Similarly the effect Cl− ions were also studied by using the
tripping medium containing 1 M HNO3 + x M KCl, where x ranges
rom 0.1 to 2. It has been found that the variation of H+ ion concen-
ration has no effect on the stripping performance where as with
ncrease of chloride ion concentration, the peak potentials have
hifted toward more negative values up to 1 M there after it has
o change which might be due to the complexing ability of Cl− ions
ith oxidized metal ionic species.
Then we have studied the time required for the preconcentra-
ion of mercury ion (preconcentration time) from 40 to 240 s (ESI
ig. 2). The peak current for the stripping of mercury increases from
0 to 120 s and afterwards it decreased. The increase of peak current
s due to the fact that longer the preconcentration time more and
ore analytes get accumulated at the electrode/solution interface.
fter 120 s, the peak decrease of peak current may  be attributed to
ither surface saturation or the attainment of equilibrium between
he metal ions at the interface and the ions in the bulk of the solu-
ion. Hence a preconcentration time of 120 s has been used as an
ptimized time in all future studies.
The effect of reduction potential on the anodic peak current of
ercury was varied in the range −0.1 to −0.6 V (ESI Fig. 3), the
eak current increased up to −0.4 V thereafter it decreased. The
ncrease of peak current is due to increase in extent of reduction
f more and more mercury ions and the decrease in peak current
ay be due to the interference from extraneous process. Therefore
 reduction potential of −0.4 V was used as an optimum potential
n all subsequent studies.
Similarly the reduction time which is the time required to
educe the metal ions into its atomic state. The effect of reduction
ime on the stripping current for mercury is studied in the range
0–40 s (ESI Fig. 4). The peak current increased from 10 to 20 s and
hereafter it decreased. Therefore the reduction time of 20 s was
xed as an optimum time in all subsequent studies.Fig. 5. (a) Overlaid differential pulse anodic stripping voltammograms with increas-
ing additions of mercury ion under optimized conditions. (b) Calibration plot.
3.4. Calibration and detection limit
By using the optimized conditions described above, calibration
plot was  constructed by measuring the peak currents after succes-
sive additions of mercury ions (2 pM)  into an electrochemical cell
(10 mL)  containing phosphate buffer (pH 8). The peak current for
the stripping of mercury increased linearly with increase of mer-
cury up to 20 pM (Fig. 5) and the detection limit (3) was found to be
1 pM.  The detection limit of the proposed method is well below the
prescribed maximum threshold limit value of 2 ppb for drinking
water recommended by world health organization [3]. The pro-
posed electrode has showed an excellent stability, low detection
limit, long term storage and reproducible analytical measurements.
The analytical performance of the proposed sensor electrode has
been compared with other existing electrodes (Table 1) used in
the determination of mercury. It is evident from the table that the
proposed binderless bulk modiﬁed electrode has a very low detec-
tion limit with low preconcentration time when compared to other
electrodes. Hence the proposed sensor electrode could be used as
an alternative tool to the existing sensors in industrial atmospheres
for routine monitoring of toxic mercury present at ultra trace level.
484 R.G. Kempegowda, P. Malingappa / Sensors and Actuators B 186 (2013) 478– 485
Table  1
Comparison of selected modiﬁed electrodes with the proposed interface.
Electrode Method Preconcentration time (s) Limit of detection (LOD) Reference
GC-MBT polymer DPASV 300 40 nM [13]
GC-MWCNTs DPASV 300 20 nM [26]
GC-MWCNTS DHP SWASV 300 32 nM [27]
GC-Au nanoparticles DPASV 120 0.2 nM [27]
CPE-S-nanoporous DPASV 450 8 nM [28]
GC-MWCNTs-Chi LSASV 120 2.4 nM [29]
EG-MBT DPASV 120 1 pM Present work
GC: glassy carbon; MWCNTs: multiwalled carbon nanotubes; DHP: dihexadecyl hydroge
mercaptobenzothiozole.
Table  2
Interference study.
Interfering ions Tolerance
limits (M)
Cd2+, Ag+, Fe2+, Ni2+, Co2+, Cu2+, Zn2+, Pb2+ 250
Na+, Cs+ 520
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aCo2+, Ca2+, Mg2+, Ba2+, Be2+, Cr3+, Fe3+, As3+ 450
C2O42− , CO32− , F− , I− , SO42− , SO32− , NO2− , NO3− 380
.5. Interference study
In order to check the suitability of the proposed sensor for real
ample analysis the selectivity of the modiﬁer molecule toward
ercury in presence of other commonly encountered foreign ions
ere studied. The interference study has been carried out by the
ddition of different concentrations of cations or anions in the
orm of their respective salts into the electrochemical cell con-
aining mercury (10 pM)  during electrochemical investigation. The
ifferent interfering ions and their maximum concentration levels
tolerance limit) in the present study have been listed in Table 2. It is
lear that the developed sensor has showed least interference from
ost of the common ions due to its speciﬁc and selective interaction
f the modiﬁer functionalities of the MBT  modiﬁer with mercury.
t is very clear that the developed sensor can be successfully used
n the determination of mercury from a variety of environmental
atrices.
.6. Surface renewability and storage stability of the modiﬁed
nterface
The surface renewability and reproducibility of the results
oward a speciﬁed target analyte is very signiﬁcant in order to
pply it to real samples. The proposed sensor electrode is based on
he covalent bulk modiﬁed material and it has been fabricated as
 robust pellet electrode. Its surface can be easily renewed by sim-
le mechanical polishing using 600- and 1500-grit emery sheets
ollowed by 4/0, 5/0 and 6/0 emery polishing papers to obtain a
mooth surface and the roughness on the electrode surface was
enerated by simply scratching the electrode surface against 400
rit emery sheets in unidirection. The electrochemical performance
f the newly renewed surface with respect to mercury is essential
able 3
etermination of mercury from real sample matrices.
Sample Originally present mercury (pM) 
1. Tap water ND 
2.  Industrial water 4.1 
3.  Lake water 15 
4.  Chrome plating industrial efﬂuenta 12.8 
5.  Chrome plating industrial efﬂuentb 11.2 
6.  Textile industrial efﬂuent 16.4 
D: not detected.
,bThe samples were obtained on different days.n phosphate; Au: gold; S: silica gel; Chi: chitosan; EG: exfoliated graphite; MBT:
for precise analytical measurements. Hence, the surface renewabil-
ity was checked by using mercury (10 pM)  with 10 freshly renewed
surfaces of the same electrode. The relative standard deviation in
the peak current response has been found to be ±3.1%. This effect
revealed that the surface renewability of the electrode did not affect
the electrochemical response which inturn conﬁrms that the cova-
lent bulk modiﬁcation is uniform throughout the matrix, hence a
single electrode of this type can be used and reused for several
measurements with similar analytical performance. For long term
analytical applications, the developed interface should be capable
of producing identical analytical results. Therefore, the analytical
performance of the electrode was checked over a period of 6 months
using the same electrode under identical experimental conditions.
In all these experiments, the magnitude of stripping current varied
within a deviation of ±6%. These experimental observations have
revealed that the proposed electrode can be used for long time and
continuous analyses with precise analytical measurements. This
type of sensing electrode is required in industrial atmospheres
where the measurement of target analyte is generally measured
continuously at trace level concentration.
3.7. Application study
The analytical utility of the proposed sensor has been validated
by applying it to measure mercury levels present in various real
sample matrices like tap water, industrial efﬂuents, lake water,
waste water samples from chrome plating, electroplating and tex-
tile industries. The recovery study was  carried out for all these
samples by spiking with known concentrations of mercury and its
recovery along with the originally present mercury in these sam-
ples (Table 3).
4. Conclusions
A simple and effective protocol for the covalent modiﬁcation
of exfoliated graphite in bulk quantities has been described for
the development of sensitive and selective interface toward the
electrochemical determination of mercury. The modiﬁed interface
has showed very low detection limit of 1 pM with least interference
from commonly present cations and anions. The analytical utility
of the sensor has been validated by measuring the mercury levels
Added mercury (pM) Total mercury (pM) Recovery (%)
3 3.12 100.32
3 7 98.59
3 17.9 99.44
3 15.7 99.36
3 14.3 100.70
3 19.2 98.96
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